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ABSTRACT
Ting Hao
M.S.O.E
Rose-Hulman Institute of Technology
May 2014
Calculation and Experimental Verification of Longitudinal Spatial Hole Burning in High-Power
Semiconductor Lasers
Thesis Advisor: Dr. Paul Leisher
Longitudinal spatial hole burning (LSHB) is believed to be one of the limiting factors in scaling
the output power of high-power semiconductor lasers. In this work, a self-consistent simulation
of LSHB was performed to investigate the non-uniform longitudinal photon density distribution,
carrier density distribution, and gain distribution in a high-power semiconductor laser. The
calculation is based on a modification to the semiconductor laser rate equations and solved using
a finite difference approach, with Newton’s method employed to numerically solve the
differential equations. The impact of LSHB on output power was analyzed with different
parameters, including injection current, cavity length, and wavelength. Experimental verification
was carried out by direct observation of spontaneous emission from a window patterned into the
top contact of an 808 nm high-power semiconductor laser. The experimental results are in
agreement with calculated results.
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1.

INTRODUCTION

1.1 Semiconductor Lasers Overview
Since it was discovered in 1962, the semiconductor laser has brought great revolution in
science and industry [1]. Semiconductor lasers are distinguished from other types of lasers
primarily by their ability to be pumped directly by electrical current. This results in a much more
efficient operation than other types of lasers. The overall power conversion efficiency can
reach >70% [2]. Therefore, semiconductor lasers have a distinct advantage in high-power
applications where heat generation and removal are the limiting factors. Also, size is another
striking difference between semiconductor lasers and others. With the technology of metal organic
chemical vapor deposition (MOCVD), quantum-well semiconductor lasers can be fabricated with
active layer thickness on the order of 10 nm [1]. The whole package of a common semiconductor
laser including mounting and wire bonding is on the order of cubic centimeter, which makes it a
competitive candidate for integrated applications. Figure 1.1 shows several kinds of common
semiconductor lasers [3] [4].

Figure 1.1: Several kinds of common semiconductor lasers [3] [4]
Another advantage of semiconductor lasers, which has led to their widespread use, is their high
reliability and long lifetime. The useful lifetime of semiconductor lasers are often measured in tens
to hundreds of years, while the lifetime of gas or solid-state lasers are measured in thousands of
hours [5].
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Among all types of semiconductor lasers, high-power semiconductor lasers refer to those
having output powers above one watt. These devices can be used in applications such as fiber optic
communications, materials processing technologies, medical therapy, military defense, free-space
communications, and many others. Practical lasers must emit light in a narrow beam, which
implies a lateral confinement is necessary. Most low-power semiconductor lasers used in data
storage and telecommunications are index-guided, as a high-quality and single-mode laser beam
is required in these applications. However, high-power semiconductor lasers, whose applications
often do not require the single-mode output, are usually gain-guided [6]. Gain-guided technology
confines charge carriers by designing the gain region only at the center of active layer, and it can
achieve high output power through simple fabrication process. Figure 1.2 shows the structure of a
typical gain-guided high-power edge emitting semiconductor laser.
Metal contact
Active layer
Oxide
p: AlGaAs
Gain region
n: AlGaAs
GaAs substrate

Metal contact

Current flow
Figure 1.2: The structure of a gain-guided edge emitting semiconductor laser
Like other types of lasers, semiconductor lasers include three main components: input
pump power, gain, and a resonant cavity. Figure 1.3 shows a schematic longitudinal diagram of a
semiconductor laser [7].
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Quantum well
(gain region)
Pump power
(electrical current)

Cleaved facets
(resonant cavity)

Figure 1.3: Schematic longitudinal diagram of a semiconductor laser [7]
The input power for semiconductor lasers can be electrical or optical energy, though most
semiconductor lasers are pumped with electrical current. The gain media in semiconductor lasers
is a semiconductor material such as AlGaAs, InP and so on. Optical gain is achieved by electronhole recombination which generates photons through stimulated emission. There are three main
interband transition processes in the active region: absorption, spontaneous emission, and
stimulated emission. For optical gain to occur, the probability of stimulated emission must be
greater than probability of absorption. This occurs when the quasi-Fermi energy separate 𝐹𝑛 − 𝐹𝑝
exceeds the band-gap energy 𝐸𝑔 and is referred to as population inversion. If the roundtrip gain is
sufficient to overcome the roundtrip loss for a resonant optical mode, this mode is said to have
reached threshold, and lasing action begins. The resonant cavity, which is commonly made by
cleaving facets, provides the necessary feedback for the emission to be amplified, so that lasing
oscillation can be sustained above threshold. Figure 1.4 shows the measured light-current-voltage
(LIV) curve for a typical 808 nm high-power semiconductor laser.
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Figure 1.4: LIV characteristic of a typical semiconductor laser
𝐼𝑡ℎ represents the threshold current at which the semiconductor laser begins to lase. Beyond
threshold, the output power increases almost linearly with injection current, shown in Equation 1.1
and Figure 1.4. Here

ℎ𝜈
𝑞

is the photon voltage. Slope efficiency is defined as the ratio of laser output

power to current injected (ΔP/ΔI), and has units W/A. Differential quantum efficiency (DQE)
𝜂𝑑 represents the number of photons emitted from the laser per electron-hole pair injected and
equals to the slope efficiency divided by the photon voltage. Equation 1.2 shows the relation of
voltage and current [8]. Since the semiconductor laser is based on the p-n junction, and it doesn’t
turn on exactly at

ℎ𝜈

ℎ𝜈

𝑞

𝑞

, ∆𝑉𝑑𝑖𝑜𝑑𝑒 is added here to make 𝑉𝑡𝑢𝑟𝑛−𝑜𝑛 =

+ ∆𝑉𝑑𝑖𝑜𝑑𝑒 . Also, due to the

existence of series resistance 𝑅𝑠, the applied voltage is not constant with current.
𝑃𝑜𝑢𝑡 ≅ 𝜂𝑑
𝑉𝑎𝑝𝑝𝑙𝑖𝑒𝑑 ≅

ℎ𝜈
𝑞

ℎ𝜈
𝑞

(𝐼 − 𝐼𝑡ℎ )

+ ∆𝑉𝑑𝑖𝑜𝑑𝑒 +𝑅𝑠 𝐼

(1.1)
(1.2)
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To improve slope efficiency, the laser structure design must be carefully engineered. The
separate confinement heterostructure (SCH) is one design approach which is widely used
nowadays, as it provides confinement of both carriers and photons in a thin active region. Figure
1.5 shows the facet-view diagram of a SCH semiconductor laser [9]. Figure 1.6 shows the
corresponding energy band diagram.

Figure 1.5: Facet-view diagram of a SCH semiconductor laser [9]

Ec
A

B

C

B

A

Ev
Figure 1.6: Band diagram of a SCH semiconductor laser
The thin quantum-well region is used to confine carriers, because the density of
states function of carriers in the quantum well system has an abrupt edge that concentrates carriers
in energy states that contribute to laser action [10]. Outside the quantum-well, the layers of
low band-gap material are sandwiched between two high band-gap layers so that light generated
in the active region is guided in this region and to ensure the optical mode does not overlap the
heavily doped cladding material (where optical absorption loss is high).
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1.2 Rate Equations
The physical operation of semiconductor lasers can be described by a set of coupled rate
equations, which describe the relation of photon density, carrier density, and optical gain. Let 𝑁
be carrier density and 𝑁𝑝 be photon density, the standard rate equations [11] are shown in
Equations 1.3 and 1.4.
𝑑𝑁 𝜂𝑖 𝐼 𝑁
=
− − 𝑅𝑠𝑡
𝑑𝑡 𝑞𝑉 𝜏

(1.3)

𝑑𝑁𝑝
𝑁𝑝
= 𝛤𝑅𝑠𝑡 + 𝛤𝛽𝑠𝑝 𝑅𝑠𝑝 −
𝑑𝑡
𝜏𝑝

(1.4)

Equation 1.3 describes the rate of change of carrier density. The first term on the right side
stands for injection rate of carriers; the second term stands for the recombination rate consuming
carriers but not resulting laser output; the last term stands for the stimulated emission rate, which
electrons and holes recombine to generate photons. Here, 𝜂𝑖 is defined as intrinsic efficiency,
which is the ratio of electrons making radiative transition to total electrons. 𝐼 is defined as injection
current, 𝑞 as electron charge, and 𝑉 as active region volume. 𝜏 is carrier lifetime which mainly
includes Shockley-Read-Hall recombination, spontaneous radiative recombination, and Auger
recombination [12]. Figure 1.7 shows the schematic band-gap diagram of these processes, and
each is discussed further.

Ec

Ec

Ec

Ev

Ev

Ev

Figure 1.7: Schematic band-gap diagram of SRH, spontaneous, and Auger recombination
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Shockley-Read-Hall recombination is mainly caused by defects in the lattice or impurities.
An energy level between the conduction band and valence band traps electrons temporarily before
releasing it to the valence band. The energy is dissipated by heat instead of light. Spontaneous
radiative recombination refers to the optical generation which occurs spontaneously. Spontaneous
emission is a random process, occurring in all directions, and does not contribute to laser output.
Auger recombination is a three-carrier process in which an electron and a hole recombine,
transferring their energy to another electron which moves up to a higher energy state [13]. Auger
recombination and SRH are non-radiative processes which release excess energy as heat. These
three processes can be used to approximate an effective carrier lifetime (in the absence of
stimulated emission), as shown in Equation 1.5, with coefficients A, B, and C, respectively.
1
𝜏

= 𝐴𝑁 + 𝐵𝑁 2 + 𝐶𝑁 3

(1.5)

Electron hole pairs can also recombine due to stimulated emission. This rate is directly
related to photon density, as shown in Equation 1.6. Here, 𝑣𝑔 is photon group velocity in
semiconductor material, and 𝑔 is the material gain. The gain is also a function of carrier density,
and this dependence can be approximated by a log function, shown in Equation 1.7. 𝑁𝑡𝑟 is
transparency carrier density, at which the probability of stimulated emission equals the probability
of absorption (no gain, no loss).
𝑅𝑠𝑡 = 𝑣𝑔 𝑔𝑁𝑝
𝑔 ≈ 𝑔0 ln (

𝑁
𝑁𝑡𝑟

(1.6)
)

(1.7)

Equation 1.4 describes the rate of change of photon density. The first term stands for photon
density accumulating in the whole cavity by stimulated emission. 𝛤 is modal overlap parameter,
which is equal to the ratio of mode energy in the active region to the total energy. The second term
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stands for photons contributed by spontaneous emission, and 𝛽𝑠𝑝 is fraction of spontaneous
emission which couples into the lasing mode (for large cavity lasers such as in high-power
BAL’s, 𝛽𝑠𝑝 ≈ 0). The last term represents for photon loss rate, and 𝜏𝑝 is the photon lifetime, which
is the average time a photon stays in the cavity before it is absorbed or emitted.
The rate equations can be used to explain the operation of semiconductor lasers. Figure 1.8
shows the relation of carrier density, gain, and photon density, with increasing current.

N
Nth
Ntr

Ith

I
Gain
gth

Ith

I

Np

Ith

I

Figure 1.8: The profiles of carrier, gain, and photon with increasing current
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When injection current is below threshold and the carrier density is below transparency, optical
absorption is probabilistically favored over stimulated emission, leading to a negative gain and
almost no photon generation. As current increases, the carrier density (Equation 1.3) will increase.
The gain will become positive when carrier density exceed transparency carrier density. However,
below threshold, 𝑅𝑠𝑡 is not large enough to offset the photon loss rate from the cavity. According
to Equation 1.4, the photon density in the cavity is therefore still very small and is mainly
dominated by spontaneous emission. As current increases further, the carrier density reaches
threshold 𝑁𝑡ℎ , corresponding to a gain of 𝑔𝑡ℎ . From this point, photon generation balances photon
loss, and laser action begins. When the current is above threshold, the photon density becomes so
large that 𝑅𝑠𝑡 , which is directly related to photon density, becomes large enough to prevent the
carrier density from further increasing, as shown in Equation 1.3. This results in the carrier density
saturating at 𝑁𝑡ℎ . This condition is called gain pinning (or gain clamping) and is the key to why
semiconductor lasers can be so efficient. Essentially, every additional electron-hole pair which is
injected into the quantum well results in the immediate emission of a photon from the cavity.
In this thesis, steady state operation is concerned, so the left sides of Equation 1.3 and 1.4
are set to zero. Since the photon density generated by spontaneous emission is quite small
compared with stimulated emission, 𝛤𝛽𝑠𝑝 𝑅𝑠𝑝 in Equation 1.4 is ignored. At this point, no
longitudinal spatial hole burning is considered, and the carrier density and gain are assumed to be
saturated at their constant threshold values during lasing operation. Therefore, the time dependent
differential equations evolve into an ordinary equation set, shown by Equation 1.8, 1.9, and 1.10,
which can be solved algebraically. An example calculation for a 980 nm high-power
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semiconductor laser was carried out, and the main procedures are presented below. Detailed
calculation and results are shown in Appendix A.
𝜂 𝐼

0 = 𝑞𝑉𝑖 −

𝑁𝑡ℎ
𝜏

− 𝑣𝑔 𝑔𝑡ℎ 𝑁𝑝

0 = 𝛤𝑣𝑔 𝑔𝑡ℎ 𝑁𝑝 −

𝑔𝑡ℎ ≈ 𝑔0 ln (

𝑁𝑝
𝜏𝑝

𝑁𝑡ℎ
)
𝑁𝑡𝑟

(1.8)
(1.9)

(1.10)

By substituting Equation 1.10 into Equation 1.9, one can obtain the solution of threshold
carrier density 𝑁𝑡ℎ . Then the threshold gain 𝑔𝑡ℎ can be solved by Equation 1.10. By Substituting
𝑁𝑡ℎ and 𝑔𝑡ℎ into Equation 1.8, the function of photon density with injection current can be
obtained. Threshold current can also be solved based on threshold carrier density [5] shown in
Equation 1.11.

𝐼𝑡ℎ =

𝑁𝑡ℎ 𝑞𝑉
𝜏𝑒 𝜂𝑖

(1.11)

Here, 𝑞 is electron charge, 𝑉 is the volume of laser cavity, 𝜏𝑒 is the carrier life time, and 𝜂𝑖 is
internal quantum efficiency. The output power is determined by the product of photon density,
photon energy, effective volume of optical mode, and photon escape rate [12], which can be
calculated by Equation 1.12.
𝑃𝑜𝑢𝑡𝑝𝑢𝑡 = 𝑁𝑝

ℎ𝑐 𝑉

𝑣 𝑎
𝜆 Г 𝑔 𝑚

(1.12)

Here, 𝑎𝑚 is the mirror loss, and is shown in Equation 1.13
𝑎𝑚 =

1
1
ln (
)
2𝐿
𝑅1 𝑅2

(1.13)
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The lasing threshold condition, in which optical gain equals the total loss, including mirror
loss and internal loss, is shown in Equation 1.14.

Г𝑔𝑡ℎ = 𝑎𝑚 + 𝑎𝑖 =

1
1
ln (
) + 𝑎𝑖
2𝐿
𝑅1 𝑅2

(1.14)

Figure 1.9 shows the calculated power versus current (P-I) characteristic of the example
980 nm semiconductor laser. For this device, the slope efficiency is 1W/A, and threshold current
is 0.85A. Note that the effect of self-heating is neglected in this simple model, and hence the
dependence of power on current is precisely linear.

Figure 1.9: The calculated P-I characteristic of a 980 nm semiconductor laser
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1.3 Longitudinal Spatial Hole Burning
In all types of semiconductor lasers, the lasing light intensity in the cavity is non-uniform
along the laser axis. According to the rate equation (Equation 1.3), carrier density is related to the
photon density. Specifically, the higher the photon density, the smaller the carrier density, and the
smaller the optical gain. Therefore, longitudinal inhomogeneous light intensity leads to nonuniform distribution of carrier density, which in turn leads to non-uniform longitudinal optical gain.
This effect is called longitudinal spatial hole burning (LSHB). In other words, under the effect of
LSHB, for injection current beyond threshold, the local gain of semiconductor lasers is no longer
simply saturated at a constant threshold value, and neither is the carrier density. This physical
effect is not captured in the classic rate equations presented in 1.3 and 1.4, and an alternative
physical description is required.
There are generally two kinds of LSHB. One is short-range LSHB, which is due to the
standing wave pattern of laser modes, and the variation of carrier density is on the spatial scale of
laser wavelength [14]. This effect is averaged out in lasers which operate on many longitudinal
modes. The other is long-range LSHB, which is much stronger and becomes the focus of this thesis.
This phenomenon can be easily understood through the following calculation. Assume the cavity
length of a high-power semiconductor laser is 1 unit. The reflectivities of two facets, R1 and R2,
are both 50%, the optical output power through R1 is 10 Watts, and the internal loss of this
semiconductor laser is ignored. In order to calculate the optical power inside cavity, the cavity
length is discretized into 100 points. Following the propagation of laser light, the optical power at
any point is related to that at the adjacent point as shown in Equation 1.15.
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𝑃2 = 𝑃1 exp(∆𝑧𝑔𝑡ℎ )

(1.15)

∆𝑧 is mesh size, and L is overall cavity length. The initial power at R1 facet can be determined by
the output power. The optical power starts to accumulate as it propagates from R1 to R2 through
gain medium. After being reflected 50% back by R2, it turns round and propagates along the
opposite direction. The total optical power inside the cavity is the sum of the power propagating
forwards and backwards. Figure 1.10 shows the total power inside the cavity in longitudinal
direction. As observed in Figure 1.10, although the threshold gain is assumed constant, the optical
intensity is inhomogeneous along longitudinal position. The percentage variation can be calculated
by Equation 1.16.

Power Inside Cavity (W)

30.5
30.0
29.5

5.7%

29.0
28.5

28.0
0.0

0.5
Longitudinal Position

1.0

Figure 1.10: Power inside cavity in longitudinal direction (R1=R2=50%)

% 𝑐ℎ𝑎𝑛𝑔𝑒 =

𝑃𝑚𝑎𝑥 − 𝑃𝑚𝑖𝑛
𝑃𝑚𝑎𝑥

(1.16)
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For practical application, the facets of high-power semiconductor lasers are usually coated
with asymmetric reflectivities: one high-reflecting (HR) and one partial-reflecting (PR). This
method is designed to improve slope efficiency and maximize output power in one direction [15].
However, asymmetric reflectivities lead to a more inhomogeneous light intensity distribution, and
therefore stronger LSHB effect. The calculation of the aftermentioned semiconductor laser was
modified with 20% PR and 100% HR. Figure 1.11 shows the power inside the cavity of this
modified model.
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Power Inside Cavity

15

14
25.5%

13

12
11
10
0.0

0.5
Longitudinal Position

1.0

Figure 1.11: Power inside cavity in longitudinal direction (R1=20%, R2=100%)
The percentage variation of optical power inside the cavity is 25.5% for this asymmetric
semiconductor laser, compared with 5.8% of the symmetric one. This variation is even larger for
more highly asymmetric laser diodes. This strong inhomogeneous longitudinal photon distribution
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leads to strong non-uniform longitudinal carrier density and optical gain, especially in high-power
semiconductor lasers, motivating consideration of LSHB in such devices.
Further, recent effects to improve performance and reliability by reducing the junction
temperature have led to semiconductor lasers with even longer cavity lengths, leading to even more
inhomogeneous gain distributions. This effect will be further discussed in Chapter 3. To
summarize, there are two major factors which lead to LSHB in high-power semiconductor lasers—
asymmetric facet reflectivities and long cavity lengths.
Due to the non-uniform gain distribution, the LSHB effect is expected to limit the
maximum achievable output power of high-power semiconductor lasers [16]. This imposes a
limitation on increasing cavity length and asymmetric reflectivities. These spatial inhomogeneities
also affect the nonlinearity and stability of a semiconductor laser [17]. Therefore, it is important
to study in depth how LSHB affects the laser output.
In this thesis, an effective calculation model which can be used to analyze the impact of
LSHB and applied to the design of high-power semiconductor laser designs is presented. The
calculation model is based on a modified set of rate equations. The standard rate equations assume
uniform longitudinal photon density, carrier density and optical gain, which is clearly not true. The
rate equations must be modified to reflect spatially-varying characteristics along longitudinal
direction, with local carrier density 𝑁(𝑧), local photon density 𝑁𝑝 (𝑧) , and local gain 𝑔(𝑧) varying
with longitudinal position 𝑧. The working model is further discussed in Chapter 2.
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1.4 Numerical Analysis
The inhomogeneous photon density distribution leads to non-uniform carrier density and
gain, and in turn, this non-uniform gain acts on photon density. These three elements are closely
coupled, making it difficult to analyze using simple analytic techniques. Therefore, the positiondependent, coupled differential rate equations must be solved using numerical analysis techniques.
A variety of numerical calculation techniques such as Finite Difference Method (FDM), Finite
Element Method (FEM), and Finite Integration Technique (FIT) [18] have been applied to nanooptical simulations. Among all these techniques, FDM is a basic one which is suitable for solving
the coupled differential equations. The finite difference method relies on discretizing a function
on a grid, and approximates the solutions to a differential equation by approximating the
derivatives [19], as shown in Equation 1.17. Figure 1.12 shows a schematic diagram of finite
difference method.
𝜕𝑢 𝑢𝑖+1 − 𝑢𝑖
≈
𝜕𝑥
∆𝑥

(1.17)

u

x

Figure 1.12: Schematic diagram of finite difference method
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As a good example to illustrate how to use FDM in solving a practical problem, the onedimensional heat equation was solved and the procedure is shown below. The problem is described
in Figure 1.13. Assume a copper stick with length L is heated by a 1 Watt source Q at the center.
This copper stick is a perfect heatsink and the temperatures at two ends are both 25˚C. The aim is
to figure out the temperature distribution along the stick in steady state.
L
25˚C

25˚C
Q
1 Watt of heat at L/2

Figure 1.13: Schematic diagram of one-dimensional heat transfer problem
The general heat equation is shown in Equation 1.18, and it evolves into Equation 1.19 for
steady state. 𝑇 is defined as temperature; 𝑡 is time; 𝑥 is longitudinal position; 𝛼, 𝐶𝑝 and 𝜌 are heat
transfer constants.
𝜕𝑇
𝜕2𝑇
𝑄
−𝛼 2 −
=0
𝜕𝑡
𝜕𝑥
𝐶𝑝 𝜌

(1.18)

𝜕2𝑇
𝑄
+
=0
2
𝜕𝑥
𝐶𝑝 𝜌

(1.19)

𝛼

FDM is applied here to approximate the second-order derivative, shown in Equation 1.20.
𝜕2𝑇
𝜕 𝜕𝑇
=
( )
2
𝜕𝑥
𝜕𝑥 𝜕𝑥
𝜕

= 𝜕𝑥 (
1

𝑇𝑖 −𝑇𝑖−1

𝜕𝑇

∆𝑥

= ∆𝑥 ( 𝜕𝑥𝑖 -

)

𝜕𝑇𝑖−1
𝜕𝑥

)
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1

= ∆𝑥 (

𝑇𝑖 −𝑇𝑖−1
∆𝑥

−

𝑇𝑖−1 −𝑇𝑖 −2
∆𝑥

)

1

= ∆𝑥2 (𝑇𝑖 − 2𝑇𝑖−1 + 𝑇𝑖−2 )

(1.20)

By substituting Equation 1.20 into Equation 1.19, a finite difference heat equation is obtained.
𝑇𝑖+1 − 2𝑇𝑖 + 𝑇𝑖−1

−𝑄𝑖 ∆𝑥 2
=
𝑐𝑝 𝜌𝛼

(1.21)

The copper stick is simulated and divided into one hundred mesh size. At any longitudinal
position, the temperature is determined by the values of its last and next position. To solve this
finite difference equation, boundary condition is an important key, because it is used to set initial
values and check if the calculation model is correct. The boundary condition of this problem is the
fixed temperature at the two ends. Figure 1.14 shows the simulation result. For fixed boundary
conditions T=25˚C, heat must uniformly diffuse in each direction so the temperature profile should
be linear. The Matlab code is shown in Appendix B. Solving the position-dependent rate equations
using FDM is similar as solving this heat transfer problem. The calculation will be discussed in
depth in Chapter 2.

Figure 1.14: Simulation result of the one-dimensional heat transfer problem
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1.5 Scope of Work
The LSHB effect has been investigated in several aspects in the history of semiconductor
lasers. Some early previous work focused on LSHB in Fabry-Perot lasers, DFB lasers, and so on
[20][21]. In this thesis, the LSHB effect in high-power edge-emitting semiconductor lasers was
investigated theoretically and experimentally. In previous work, some of the calculation models
were based on optical waveguide equations, and some were based on rate equations [16]. In this
thesis, a self-consistent calculation model is built based on the modified rate equations, which
more clearly presents the relation of photon density, carrier density, and optical gain. Compared
with the different numerical analysis methods that were applied to solve the rate equations in
previous work, such as FEM and the WIAS-TeSCA tool [22], FDM is used in this thesis to solve
the differential rate equations, and Newton’s method is applied to reduce residual error. Previously,
most experimental work was carried out by scanning measurement of spontaneous emission
through fiber and lens system [23]. In this thesis, the experimental verification of the calculation
model was carried out by direct observation of spontaneous emission from a window patterned
into the top contact of an 808 nm semiconductor laser.
Also, in this thesis, the impact of LSHB on output power is analyzed for different
parameters, including injection current, cavity length, and wavelength. In prior work, the
magnitude of LSHB was analyzed by formula approximation method [14]. Here, the direct analysis
is performed based on the calculation result, which provides a more intuitive result. The analysis
results are expected to be useful in the optimization of high-power semiconductor laser designs,
considering the restriction of LSHB on asymmetric reflectivities and the increasing of cavity length
of semiconductor lasers.
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2.

MODELING

2.1 Building the Model
A self-consistent calculation model incorporated LSHB was built based on modified rate
equations. The modified spatially-varying rate equations for steady state are shown below [24]:

0=

𝜂𝑖 𝐼 𝑁 (𝑧)
−
− 𝑣𝑔 𝑔 (𝑧) [𝑁𝑝+ (𝑧) + 𝑁𝑝− (𝑧)]
𝑞𝑉
𝜏

(2.1)

𝑑𝑁𝑝+ (𝑧)
( ( )
) +( )
𝑑𝑧 = Г𝑔 𝑧 − 𝛼𝑖 𝑁𝑝 𝑧
𝑑𝑁𝑝− (𝑧)
= −(Г𝑔 (𝑧) − 𝛼𝑖 )𝑁𝑝− (𝑧)
( 𝑑𝑧
)

(2.2)

Compared with the general rate equations shown as Equation 1.8 and 1.9, photon density, carrier
density, and optical gain are modified to be position-dependent functions, instead of constants.
Here 𝑁𝑝+ and 𝑁𝑝− are defined as forward and backward photon density respectively. Forward light
propagates from PR facet (longitudinal position Z=0) to HR facet (longitudinal position Z=L), and
the backward light propagates in opposite direction, shown in Figure 2.1.
PR

HR
Backward Light

Laser
Forward Light
Z=0

R
Z=Laser

L

z
Figure 2.1: Schematic diagram
of
forward and backward propagating light
=L
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Unlike the carrier density or optical gain, the local photon density is different in opposite
propagating directions because the gain is inhomogeneous. The forward light may experience a
small local gain first and then a high local gain while the backward light experiences a high local
gain first and then a small local gain. Therefore, the calculation of photon density must be separated
into the calculations of 𝑁𝑝+ (𝑧) and 𝑁𝑝− (𝑧). The total local gain 𝑁𝑝 (𝑧) in the cavity is the sum of
forward and backward photon density at position z.
𝑁𝑝 (z)= 𝑁𝑝+ (z) + 𝑁𝑝− (𝑧)

(2.3)

Equation 2.2 describes the increment of photon density in longitudinal direction. In this
model, photon density loss is assumed mainly due to constant internal cavity loss 𝛼𝑖 . Compared
with the general rate Equation 1.9, the last term including photon lifetime is replaced by the internal
loss. Therefore, the increment rate of photon density at position 𝑧 is equal to the optical gain at
position 𝑧 minus the internal loss.
The reflection boundary conditions at two facets with reflectances 𝑅𝑃𝑅 and 𝑅𝐻𝑅
respectively, are shown in Equations 2.4 and 2.5. At the PR facet, the light traveling backwards is
reflected a small part back into laser cavity, and continues traveling as forward light. Most of the
backward light at PR facet contributes to laser output. At the HR facet, the light traveling forwards
is reflected a large proportion back to laser cavity, and continues traveling as backward light.
𝑁𝑝+ (0) = 𝑅𝑃𝑅 𝑁𝑝− (0)

(2.4)

𝑁𝑝− (𝐿) = 𝑅𝐻𝑅 𝑁𝑝+ (𝐿)

(2.5)
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The solutions to the modified rate equations combined with boundary conditions are shown
to satisfy the threshold lasing condition [24] as Equation 2.6. The average model gain is equal to
the threshold gain, which offset the mirror loss and internal loss. Also, Equation 2.6 evolves into
the general threshold condition (Equation 1.14) when constant gain is assumed.
1 𝐿
1
1
∫ Г𝑔(𝑧) = 𝑔𝑡ℎ = 𝛼𝑖 + 𝛼𝑚 = 𝛼𝑖 +
ln(
)
𝐿 0
2𝐿 𝑅𝑃𝑅 𝑅𝐻𝑅

(2.6)

In order to obtain a numerical solution, the finite difference method introduced in Chapter
1 is employed here to solve this one-dimensional differential equation set. Equation 2.2 evolves
into Equation 2.7 after approximating the derivative by finite difference equation, and 𝑑𝑧 is the
grid length. Equation 2.7 shows the local photon density is determined by its previous value and
the increment caused by the combined action of gain and loss. The key of this self-consistent
calculation model is to solve the value of the first grid, defined as initial value, which is the value
of the forward photon density at PR facet 𝑁𝑝+ (𝑧 = 0). Once this initial value is determined, the
forward photon density along laser cavity can be calculated. According to the boundary condition
at PR facet, 𝑁𝑝− (𝑧 = 0) is related to 𝑁𝑝+ (𝑧 = 0), and then the backward photon density along laser
cavity can be solved as well.

(

𝑁𝑝+ (𝑧 + 1) = 𝑁𝑝+ (𝑧)[1 + 𝑑𝑧(Г𝑔 (𝑧) − 𝛼𝑖 )]
)
𝑁𝑝− (𝑧 + 1) = 𝑁𝑝− (𝑧)[1 − 𝑑𝑧(Г𝑔(𝑧) − 𝛼𝑖 )]

(2.7)

The initial guess of 𝑁𝑝+ (𝑧 = 0) is based on the classic photon density solution introduced
in Chapter 1. The boundary condition at HR facet is used to check and adjust the initial value, until
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the residual error is close to zero. The residual error is defined as Equation 2.8, and it would
approach to zero for exact solutions.

𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑒𝑟𝑟𝑜𝑟 =

𝑅𝐻𝑅 𝑁𝑝+ (𝐿) − 𝑁𝑝− (𝐿)
𝑁𝑝− (𝐿)

(2.8)

The calculation model is self-consistent, because Newton’s method is employed here to
adjust the initial value and reduce the residual error below 10-8, which is small enough for good
accuracy. Newton’s method, also known as Newton–Raphson method, is usually applied to find
successively better approximation to the roots of a real-valued function [25]. For one-variable
function 𝑓(𝑥 ), it is usually implemented as Equation 2.9. 𝑥𝑛 is an approximated root of 𝑓 (𝑥 ), and
a more accurate root 𝑥𝑛+1 is found as follow:

𝑥𝑛+1 = 𝑥𝑛 −

𝑓 (𝑥𝑛 )
𝑓 ′ (𝑥𝑛 )

(2.9)

Combined with the finite difference method, Equation 2.9 can be rewritten as follow:
𝑥𝑛+1 = 𝑥𝑛 − 𝑓 (𝑥𝑛 )

𝑥𝑛 − 𝑥𝑛+1
𝑓 (𝑥𝑛 ) − 𝑓 (𝑥𝑛+1 )

(2.10)

In the LSHB calculation model, residual error is regarded as the one-variable
function 𝑅𝑒(𝑣𝑎𝑙𝑢𝑒 ) , and the exact initial value is regarded as the root which makes the residual
error to be zero, shown in Equation 2.10. 𝑉𝑎𝑙𝑢𝑒2 is more close to the exact value than 𝑉𝑎𝑙𝑢𝑒1 ,
and Equation 2.11 will be iteratively until the residual error is small enough. Here ∆ is the value
difference applied in the finite difference method.

𝑣𝑎𝑙𝑢𝑒2 = 𝑣𝑎𝑙𝑢𝑒1 − 𝑅𝑒(𝑣𝑎𝑙𝑢𝑒1 )

−∆
𝑅𝑒 (𝑣𝑎𝑙𝑢𝑒1 ) − 𝑅𝑒(𝑣𝑎𝑙𝑢𝑒1 + ∆)

(2.11)
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This calculation model suits both the injection current below threshold and above threshold.
When the injection current is below threshold, photon density 𝑁𝑝 is set to be zero. For comparison,
the situation without LSHB was also simulated. The calculation model is similar to the one with
LSHB, except the gain and the carrier density are constant above threshold and clamped at 𝑔𝑡ℎ
and 𝑁𝑡ℎ . Figure 2.2 and Figure 2.3 show the calculation flow chart for the model without LSHB
and the model incorporated LSHB respectively. MATLAB code is shown in Appendix C.

Define Parameters
(material parameters, device
geometry, injection current,
simulation step and so on)

Solve for 𝑁𝑝+ (𝑧 = 0) at PR
facet using classic rate
equations

Based on 𝑁𝑝+ (𝑧 = 0),
determine 𝑁𝑝+ (𝑧) and 𝑁𝑝− (𝑧)
using FDM

Calculate residual error

Residual error below 10-8 ?
YES

NO

Newton’s method
to adjust initial
value

Calculate 𝑁𝑝 (𝑧), 𝑁(𝑧) and
𝑔 (𝑧)

Figure 2.2: Calculation flow chart for the model without LSHB
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Define Parameters
(material parameters, device
geometry, injection current,
simulation step and so on)

Solve for 𝑁𝑝+ (𝑧 = 0) and
𝑁𝑝− (𝑧 = 0) at PR facet using
classic rate equations

Solve 𝑁𝑝 (𝑧 = 0) , 𝑁 (𝑧 = 0)
and 𝑔 (𝑧 = 0)

Solve 𝑁𝑝+ (𝑧 = 1) and
𝑁𝑝− (𝑧 = 1) using FDM

Iterate the above calculation to
solve 𝑁𝑝+ (𝑧 = 𝑗 + 1) and
𝑁𝑝− (𝑧 = 𝑗 + 1), until
𝑁𝑝+ (𝑧 = 𝐿) and 𝑁𝑝− (𝑧 = 𝐿)

Calculate residual error

Residual error below 10-8 ?

NO

Newton’s method
to adjust initial
value

YES
Calculate 𝑁𝑝 (𝑧), 𝑁(𝑧) and
𝑔 (𝑧)

Figure 2.3: Calculation flow chart for the model with LSHB
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2.2 Calculation Results
A 1475 nm InGaAsP high-power semiconductor laser was simulated, and the longitudinal
photon density, carrier density, and optical gain were calculated with LSHB. The results without
LSHB were also obtained for comparison. Table 2.1 shows the device parameters.
Table 2.1: Material and device parameters for the modeling semiconductor laser
Cavity length (μm)

3800

Internal quantum efficiency ηi 0.87

Quantum well thickness (Å)

140

Optical mode Г

0.01

Emitter width (μm)

150

Internal loss αi (1/cm)

2.0

HR

0.99

Refractive index

3.5

PR

0.005

g0 (1/cm)

1000

Jtr (A/cm2)

121

Threshold current Ith (A)

1.67

Ntr (1/cm3)

1.1×1018 Thermal resistance Rth (K/W)

2.2

T0 (K)

50

T1 (K)

150

σ (Ωcm2)

7.8×10-5

Vs (V)

22×10-3

Auger coefficient C (cm9/s)

1×10-30

Spontaneous coefficient B (cm6/s) 1×10-9

Figure 2.4 shows the calculation results of forward and backward local photon densities
with LSHB for an example injection current (I=5A). The forward photon density increases along
longitudinal direction as it goes through gain medium. At the HR facet, 99% of the forward photon
density is reflected as the initial value of backward photon density. This 99% reflection is
guaranteed by the residual error below 10 -8. Then the backward photon density increases as it goes
through the gain medium backwards. At the PR facet, 0.5% of the backward photon density is
reflected as the initial value of forward photon density. This 0.5% reflection is guaranteed by the
boundary condition at PR facet. The total photon density is the sum of backward and forward
photon densities.
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Local Photon Density (1/cm3)

8.0E+14 PR

HR
Forward Photon Density

7.0E+14

Backward Photon Density
6.0E+14
5.0E+14
4.0E+14
3.0E+14

2.0E+14
1.0E+14

Residual error below 10-8

0.0E+0
0

1000
2000
3000
Cavity Length (μm)

3800

Figure 2.4: Calculation results of forward and backward local photon density with LSHB
Figure 2.5 compares the forward photon density with LSHB and the one without LSHB for
the example injection current (I=5A). At the front part of laser cavity, the forward photon density
with LSHB increases slowly compared to that without LSHB. At the back part of laser cavity, the
rate of increase of the forward photon density with LSHB starts to exceed the rate without LSHB.
The behavior of longitudinal photon density indicates the longitudinal distribution of optical gain.
For the situation without LSHB, the photon density experiences a constant threshold gain in
longitudinal direction. The smaller rate of increase of forward photon density with LSHB near PR
facet is due to the smaller optical gain below threshold, while the optical gain becomes above
threshold near HR facet which leads to a larger rate of increase than that without LSHB.
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Forward Photon Density (1/cm3)

6.0E+13 PR

HR
with LSHB

5.0E+13

w/o LSHB

4.0E+13
3.0E+13
2.0E+13
1.0E+13
0.0E+0
0

1000
2000
3000
Cavity Length (μm)

3800

Figure 2.5: Comparison of forward photon density with LSHB & without LSHB
Figure 2.6 compares the backward photon density with LSHB and the one without LSHB
for the example injection current (I=5A). The result can be explained similar to that of forward
photon density. Following the light propagating backwards, first, the backward photon density
with LSHB experiences a faster rate of increase than that without LSHB due to the higher optical
gain above threshold near HR facet. Then the situation becomes reversed due to the optical gain
below threshold near PR facet. As observed in Figure 2.6, the backward photon density without
LSHB finally exceeds the one with LSHB at PR facet, which is related to the output power. Instead,
in the center of laser cavity, the backward photon density with LSHB is higher due to the higher
gain it experiences first. Since the backward photon density is much higher than forward photon
density, the total photon density, which will be shown later, almost follows the shape of backward
photon density.
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Backward Photon Density (1/cm3)

9.0E+14 PR
8.0E+14
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with LSHB
w/o LSHB

7.0E+14
6.0E+14
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4.0E+14
3.0E+14
2.0E+14
1.0E+14
0.0E+0
0

1000
2000
3000
Cavity Length (μm)

3800

Figure 2.6: Comparison of backward photon density with LSHB & without LSHB
Figure 2.7 shows the calculated results of the non-uniform longitudinal photon density
profiles at several injection currents. For comparison, the longitudinal profiles without LSHB are
also plotted (dash line). As observed in Figure 2.7, the profiles with LSHB deviated more from
those without LSHB when injection current increases, which indicates the gain profile is more
inhomogeneous with increasing current. The photon density distribution with LSHB is reduced
near the PR facet, which leads to a lower output power than the situation without LSHB. The
relation of this reduced power with increasing current will be further discussed in Chapter 3.
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Photon Density (1/cm3)

2.5E+15 PR

HR
with LSHB
w/o LSHB

2.0E+15
10 A

1.5E+15

1.0E+15
5A

5.0E+14
2A
0.0E+0
0

1000
2000
3000
Cavity Length (μm)

3800

Figure 2.7: Calculation results of longitudinal profiles of photon density
Figure 2.8 shows the calculated longitudinal profiles of carrier density at several injection
currents above threshold. Without LSHB, the carrier density (black line) is clamped at a constant
threshold value along longitudinal position for any current above threshold. With LSHB, the
distribution is smaller than the threshold value near the PR facet while it is larger than the threshold
value near the HR facet. The non-uniformity becomes more obvious with higher applied current,
which demonstrates that the impact of LSHB becomes greater with higher injection current in
high-power semiconductor lasers. Also, this non-uniformity of LSHB is reflected in the point of
intersection with threshold value. Increasing injection current causes the point of intersection to
move towards the HR facet.
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8.0E+18 PR
2A
5A
10 A
w/o LSHB
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2000
3000
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3800

Figure 2.8: Calculation results of longitudinal profiles of carrier density
Figure 2.9 shows the calculated longitudinal gain distribution at several injection currents
above threshold. Without LSHB, the optical gain is clamped at a constant threshold value along
longitudinal position (black line). With LSHB, the non-uniform distribution is smaller than the
threshold value near the PR facet while it is larger than the threshold value near the HR facet.
Compared with the profiles of photon density, the gain saturation effect is demonstrated. The
higher the local photon density, the smaller the local carrier density and gain. Also, the calculated
average gain with LSHB in longitudinal direction is equal to the threshold gain, which satisfies the
threshold lasing condition as indicated in Equation 2.6 in Chapter 2.1.
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Figure 2.9: Calculation results of longitudinal profiles of optical gain
Based on the distribution of photon density, the output optical power can be calculated as
follows:

𝑃𝑜𝑢𝑡𝑝𝑢𝑡 = 𝑑𝑤

ℎ𝑐
𝑣 [𝑁 − (1 − 𝑅𝑃𝑅 ) + 𝑁𝑝+𝑧=𝐿 (1 − 𝑅𝐻𝑅 )]
𝜆Г 𝑔 𝑝 𝑧=0

(2.12)

The output power is determined by the forward propagating photons coming out at the HR
facet and the backward propagating photons coming out at the PR facet. Here 𝑑 and 𝑤 are the
quantum well thickness and emitter width respectively, ℎ is Plank’s constant, 𝑐 is the velocity of
light in vacuum, and 𝑅𝑃𝑅 and 𝑅𝐻𝑅 are the facet reflectivities. Power conversion efficiency, also
known as wall-plug efficiency, is another important index to evaluate the quality of a high-power
semiconductor laser. It is the ratio of input electrical power by output optical power, shown in
Equation 2.13. The input power is calculated as Equation 2.14.
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𝑊𝑎𝑙𝑙𝑝𝑙𝑢𝑔 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =

𝑃𝑜𝑢𝑡𝑝𝑢𝑡
100%
𝑃𝑖𝑛𝑝𝑢𝑡

(2.13)

𝑃𝑖𝑛𝑝𝑢𝑡 = 𝐼 × 𝑉

(2.14)

The input power is determined by the product of injection current and the total voltage
across the diode’s terminals. Figure 2.10 shows the comparison of output power and wall-plug
efficiency for both the situations with LSHB and without LSHB. As observed in Figure 2.10,
LSHB suppresses the output power as expected mainly due to the reduction of photon density at
the PR facet. Also, LSHB decreases the power efficiency by nearly 5% for this specific 1475 nm
high-power semiconductor laser. The impact of LSHB with increasing current will be discussed
in next chapter.
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Figure 2.10: Comparison of power and efficiency with LSHB & without LSHB
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3.

ANALYSIS

3.1 The Impact of LSHB with Increasing Injection Current
According to the simulation results in Chapter 2, the non-uniformity of gain, and hence
LSHB, become greater with increasing injection current. For high-power semiconductor lasers,
the output power is the most important factor to be considered, so we are interested in whether this
aggravating LSHB effect with increasing current will cause the output power to change
significantly. As mentioned before, the photon densities near PR and HR facets are suppressed due
to LSHB, and the reduction of output optical power can be calculated with the photon densities at
the facets. Therefore, based on the calculation model, the impact of LSHB on output power with
increasing current can be analyzed.
As we know, besides LSHB, self-heating is another important factor that cannot be ignored
when analyzing the power output of high-power semiconductor lasers. Therefore, at this point,
thermal effects are incorporated into the calculation model. As introduced in Chapter 1, the output
power can be determined as Equation 1.1 with differential quantum efficiency 𝜂𝑑 and threshold
current 𝐼𝑡ℎ . The output power under thermal effects is calculated by imposing additional
exponential dependence of 𝐼𝑡ℎ and 𝜂𝑑 with thermal resistance 𝑅𝑡ℎ and characteristic temperatures
𝑇0 and 𝑇1 , shown in Equation 3.1 through Equation 3.5 [26]. Thermal resistance is a parameter
having units [K/W] which quantifies the material resistance to heat flow [27]. Also, the thermal
resistance is inversely proportional to the length and width of the laser cavity [28]. Figure 3.1
shows a schematic diagram of a temperature rise due to thermal resistance.
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Watts of heat flow

ΔT
Figure 3.1: Schematic diagram of a temperature rise due to thermal resistance
In semiconductor lasers, as shown in Equation 3.5, waste heat (𝑃𝑖𝑛𝑝𝑢𝑡 − 𝑃𝑜𝑢𝑡𝑝𝑢𝑡 ) drives
temperature rise. Equation 3.2 and 3.3 describe the exponential increase of threshold current and
the exponential decrease of differential quantum efficiency with increasing temperature. The
characteristic temperatures 𝑇0 and 𝑇1 stand for the rate of variation, the smaller the characteristic
temperatures, the faster the change.
ℎ𝑐

𝑃𝑡ℎ𝑒𝑟𝑚𝑎𝑙 = 𝜂𝑑_𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝜆𝑞 (𝐼 − 𝐼𝑡ℎ_𝑡ℎ𝑒𝑟𝑚𝑎𝑙 )

(3.1)

∆𝑇

𝐼𝑡ℎ_𝑡ℎ𝑒𝑟𝑚𝑎𝑙 = 𝐼𝑡ℎ 𝑒 𝑇0

𝜂𝑑_𝑡ℎ𝑒𝑟𝑚𝑎𝑙 = 𝜂𝑑 𝑒

−∆𝑇
𝑇1

(3.2)

(3.3)

𝜂𝑖 𝛼𝑚
𝛼𝑖 + 𝛼𝑚

(3.4)

∆𝑇 = 𝑅𝑡ℎ (𝑃𝑖𝑛𝑝𝑢𝑡 − 𝑃𝑜𝑢𝑡𝑝𝑢𝑡 )

(3.5)

𝜂𝑑 =
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Figure 3.2 shows the comparison of calculated output powers under four different sets of
conditions with injection current ranging from 2A to 40A (𝐼𝑡ℎ = 1.7𝐴). As observed in Figure
3.2, LSHB suppresses the output power in both situations no matter whether thermal effect is
considered or not. Also, LSHB shifts the rollover point of output power under thermal effect
towards low current. This is because the power reduced by LSHB further drives the waste heat
(𝑃𝑖𝑛𝑝𝑢𝑡 − 𝑃𝑜𝑢𝑡𝑝𝑢𝑡 ). According to Equation 3.5, this increased waste heat leads to a larger ∆𝑇 than
the one without LSHB. A larger temperature rise results in further suppression of output power,
and the rollover point shifts towards lower injection current, as illustrated in Figure 3.3 [29].
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Power (W)
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Figure 3.2: Comparison of calculated output powers with increasing current
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Figure 3.3 P-I-V characteristics at several different heatsink temperatures [29]
In order to analyze the magnitude of the impact of LSHB on output power and whether it
changes with increasing current, the percentage power difference was calculated and the result is
shown in Figure 3.4 with injection current from 2A to 20A (𝐼𝑡ℎ = 1.7𝐴).
% 𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 =

𝑃𝑤⁄𝑜 𝐿𝑆𝐻𝐵 − 𝑃𝑤𝑖𝑡ℎ 𝐿𝑆𝐻𝐵
𝑃𝑤⁄𝑜 𝐿𝑆𝐻𝐵

(3.6)

As observed in Figure 3.4, when thermal effects are not considered, below a certain current
value (around 5A for this specific 1475nm laser diode), the percentage power difference gets larger
with increased current and then reaches an approximated steady value (11% in this case). This is
because by this point, the injection current is high enough to make the non-stimulated
recombination term

𝑁 (𝑧)
𝜏

in the rate equations to become fairly small compared to the other terms

related to current and photon density. In [14], Ryvkin and Avrutin state that in the calculation of
LSHB with high injection current, this term can be omitted, and therefore they conclude that the
non-uniform carrier density distribution does not depend on the pumping current. The calculated
profiles of carrier density and gain in Chapter 2 also corroborate this claim. The difference of
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carrier density at PR facet between 5A and 10A is really small compared to the difference between
2A and 5A, and so is the optical gain. This is the reason why the impact of LSHB on output power
increases quickly at first, but eventually tends to saturation.
However, this work shows that the conclusion is different when self-heating is considered.
As the injection current goes up, the percentage power difference increases continuously, which
indicates the impact of LSHB on output power becomes larger with increasing current. For this
specific laser, ~15% power suppression occurs around 20A due to LSHB. When self-heating is
considered, LSHB not only reduces the output power by the suppression of the photon density at
the facets, it also contributes to the temperature rise which further erodes output power.
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Figure 3.4: Percentage power difference due to LSHB with increasing current

39

3.2 The Impact of LSHB with Increasing Cavity Length
The cavity lengths of commercial high-power semiconductor lasers have been
progressively increased to better distribute heat and improve output power. Therefore, it is
important to investigate whether the impact of LSHB on output power will change with increasing
cavity length. Since the input powers (for equivalent output) are different for various cavity lengths
(Equation 3.4), wall-plug efficiency was analyzed instead of output power.
In order to make the cavity length a single variable, mirror loss was kept constant by
adjusting the low reflectivity 𝑅𝑃𝑅 according to Equation 3.7. The reason for this is in practice, as
cavity length is changed, the mirror loss is adjusted to maximize the operating slope efficiency.

𝛼𝑚 =

1
1
× 𝑙𝑛 (
)
2𝐿
𝑅𝑃𝑅 ∙ 𝑅𝐻𝑅

(3.7)

Thermal resistance 𝑅𝑡ℎ was also adjusted to correct for length variation. Another issue
requiring consideration is that for different injection currents, power efficiency is not constant [30].
Therefore, peak power efficiencies are compared for different cavity lengths. The result is shown
in Figure 3.5. As observed in Figure 3.5, without LSHB, for this specific 1475nm semiconductor
lasers, there is almost no change in peak power efficiency with the increasing cavity length,
regardless of whether thermal effect is considered or not. However, with LSHB, peak power
efficiency decreases as the cavity length increases. That means the impact of LSHB becomes
greater with the increase of cavity length.
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Figure 3.5: The impact of LSHB on peak power efficiency with increasing cavity length
In order to understand the origin of this result, the impact of LSHB on output power with
increasing cavity length was also calculated by making the reflectivities of the two facets identical.
As the cavity length increases, the reflectivities were kept the same with each other to keep a
constant mirror loss. Figure 3.6 shows the calculation result in this case. As observed in Figure 3.6,
there is no difference of the impact of LSHB on output power with increased cavity lengths. That
means the increasing impact of LSHB on output power with increased cavity length is acted
through the decrease of partial reflectivity. As shown in Equation 3.7, longer cavity length requires
smaller partial reflectivity to keep the mirror loss constant and obtain the optimum output. The
smaller partial reflectivity makes the semiconductor laser more asymmetric, which leads to further
aggravation of the LSHB effect.
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Figure 3.6: Peak power efficiency with increasing cavity length for identical reflectivities
To measure the impact of LSHB with increased cavity length, the percentage difference of
peak power efficiency (% change in ηwp, peak) was calculated and the result is shown in Figure 3.7.
% 𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 =

𝜂𝑤𝑝,𝑝𝑒𝑎𝑘 𝑤⁄𝑜 𝐿𝑆𝐻𝐵 − 𝜂𝑤𝑝,𝑝𝑒𝑎𝑘 𝑤𝑖𝑡ℎ 𝐿𝑆𝐻𝐵
𝜂𝑤𝑝,𝑝𝑒𝑎𝑘 𝑤⁄𝑜 𝐿𝑆𝐻𝐵

(3.8)

As observed in Figure 3.7, for this specific 1475nm semiconductor laser, without thermal
effect, the percentage difference of peak power efficiency due to LSHB increases by 6% per
1000μm length, and it is beyond 10% at around 3600μm cavity length. With thermal effect, the
percentage difference of peak power efficiency increases by 6.9% per 1000μm length, and it is
beyond 10% at around 3400μm cavity length. The different percentage is because the original
output power under thermal effects is small. Therefore, for the same power reduction caused by
increased cavity length, the percentage difference is bigger for the case with thermal effects.

Percentage Difference of Peak Power
Efficiency (%)
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Figure 3.7: Percentage difference of peak power efficiency with increasing cavity length

3.3 The Impact of LSHB with Varying Wavelengths
High-power semiconductor lasers of different wavelengths are designed to meet the needs
of various applications. According to the calculation equations of input and output powers for
high-power semiconductor lasers, lasers with shorter wavelength can operate with higher input
and output powers. Figure 3.8 shows the comparison of power conversion efficiency for different
wavelengths based on the calculation model without thermal effects. The observed higher power
efficiency in shorter wavelengths is typical of commercial devices [31].
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Figure 3.8: Comparison of power efficiencies for different wavelengths
In order to investigate the impact of LSHB for different wavelengths, the percentage power
difference (Equation 3.6) for three different wavelengths, 808nm, 980nm, and 1475nm, were
calculated and compared. The result is shown in Figure 3.9.
As observed in Figure 3.9, without thermal effect, the impacts of LSHB are the same for
these three different wavelengths. The percentage power differences all climb to a steady value
beyond certain injection current, which is exactly the same conclusion made in Chapter 3.1.
However, with self-heating, one can conclude that the semiconductor lasers with shorter
wavelength are more greatly affected by LSHB.
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Figure 3.9: Comparison of percentage power difference for different wavelengths
The reason can also be explained by the temperature rise ∆𝑇 caused by LSHB. Since the
laser with shorter wavelength has higher output power, and the percentage power differences due
to LSHB without thermal effects are the same for all the wavelengths. Therefore, the power
reduced by LSHB is larger for the shorter wavelength, which leads to a larger waste power and
causes a higher temperature rise. As mentioned before, higher temperature rise results in more
power suppression that makes a bigger percentage power difference for the shorter wavelength
semiconductor laser under thermal effects.
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4.

EXPERIMENT

4.1 Laser Safety
The output powers of high-power semiconductor lasers can be several watts or even more,
and they emit infrared light which is invisible to human eyes. Therefore, the laser safety for
conducting experiments with high-power semiconductor lasers is significant.
First, direct observing the laser light can cause blindness. At high powers, even scattered
light caused by specular reflection at a surface is sufficient to cause damage. For each laser in use,
we are interested in identifying the maximum safe energy that may be incident upon the eyes. This
is evaluated by Maximum Permissible Exposure (MPE). The MPE is usually expressed in terms
of the allowable exposure time (in seconds) for a given irradiance (in watts/cm2) at a particular
wavelength [32]. This is the minimum irradiance or radiant exposure that may be incident upon
eyes (or skin) without causing biological damage. The basic method for evaluating the safety of a
specific laser system is to calculate the maximum irradiance that an unprotected eye might
experience while the laser system is operating, and check whether it is less than the MPE. The
values of MPE for selected lasers of different wavelengths can be found in [32].
To protect against the laser exposure above MPE, safety goggles (with highly absorbing
lenses) are used for protection. The chosen goggles must be above the minimum optical density
(OD) associated with the type and power of laser. The minimum OD is dependent on wavelength
and output power of lasers because the absorptive properties of the eye tissues vary with
wavelength. The Laser Institute of America (LIA) maintains an online tool to simply calculate
what OD is recommended for use with a laser system with a given power [33]. Figure 4.1 shows
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the minimum OD requirement for power ranging from 1mW to 1kW in 10x steps (dotted lines) for
the wavelength ranging from 750 nm to 2100 nm. The plot also shows the OD specifications for
an example Thorlabs LG11 goggle (solid line) [34]. As observed in Figure 4.1, the OD
specification of the example goggle is above the minimum OD requirement in most wavelength
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Figure 4.1: Minimum OD requirement and OD specification of Thorlabs goggles [34]
Second, the high-power laser may damage the equipment on its light path. Thus, beam
stops such as a thermal pile and a block board are put in place to stop light and therefore confine
the hazard to a limited area. The beam stops prevent the beam from continuing its path, making
the area beyond the stops safer. Also, they stop the beam from hitting other surfaces and creating
accidental or unexpected reflections.
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Finally, high-power laser light cannot be directly connected or input to fiber and other
power-sensitive equipment such as Optical Spectrum Analyzer (OSA) because they cannot stand
such a high power input. The correct way is collecting the scattered laser light with a fiber and
then it can be used in further analysis. Figure 4.2 shows this procedure with a C-mount diode laser.

Figure 4.2: Collecting scattered high-power laser light with a fiber
Also, optical elements must be aligned and fine-tuned at very low powers before turning
the lasers up to any significant fraction of the final operating powers. This helps to prevent damage
to equipment and injury to personnel. Improperly focused optics can deposit too much energy in
one area destroying detectors or causing lenses to break.
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4.2 Experimental Verification by Output Power Measurement
Based on the model developed in the previous chapters, the output powers of a
semiconductor laser with increasing injection current can be calculated. This gives us a way to
check the calculation model by measuring the output powers of the simulated laser experimentally.
An 808 nm high-power semiconductor laser was provided, and Table 4.1 shows its material and
device parameters.
Table 4.1: Material and device parameters for the simulated 808 nm semiconductor laser
Cavity length (μm)

1500

Internal quantum efficiency ηi 0.89

Quantum well thickness (Å)

100

Optical mode Г

0.01

Emitter width (μm)

80

Internal loss αi (1/cm)

2.0

HR

0.98

Refractive index

3.5

PR

0.05

g0 (1/cm)

1000

Jtr (A/cm2)

121

Threshold current Ith (A)

0.4846

Ntr (1/cm3)

1.1×1018 Thermal resistance Rth (K/W)

8.4

T0 (K)

110

T1 (K)

450

σ (Ωcm2)

2.9×10-5

Vs (V)

75×10-3

Auger coefficient C (cm9/s)

1×10-30

Spontaneous coefficient B (cm6/s) 1×10-9

Some of the parameters shown above, including reflectivities, internal loss, and internal
quantum efficiency, are fit by comparing the calculated output power incorporated LSHB and
thermal effects with the measured output power. All the parameters are within published ranges
[5]. The comparison of calculated and measured output powers is shown in Figure 4.3 with
injection current from 0A to 5A. These results do not prove the presence (or absence) of LSHB,
but do indicate the model is reasonable.
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Figure 4.3: Comparison of measured and calculated output powers

4.3 Experimental Verification by Spontaneous Emission Observation
Spontaneous emission rate 𝑅𝑠𝑝 is proportional to the square of carrier density [35].
𝑅𝑠𝑝 = 𝐵𝑁 2 (𝑧)

(4.1)

This simple relationship gives us a way to observe the LSHB effect and check our
calculation model. The spontaneous emission was observed from a window patterned in the top
contact of the 808 nm semiconductor laser by a setup consisting of a microscope system and a
CCD camera. Figure 4.4 shows the schematic experimental configuration, and the experimental
setup is shown in Figure 4.5.
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Figure 4.4: Experimental configuration of spontaneous emission observation

Figure 4.5: Experiment setup of the observation of spontaneous emission
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The observation results are shown in Figure 4.6. Due to the scattered light near the two
facets, the measurement region was focused on the middle of the laser chip.

(a)

(b)

Figure 4.6: Observation of spontaneous emission from the top window of an 808 nm
semiconductor Laser. (a) whole chip (b) focus on central region
The average grey value for the central region was measured with increasing applied current
in order to determine if scattered stimulated emission negatively affects the experimental results.
As observed in Figure 4.7, below threshold current (𝐼𝑡ℎ = 0.48), the spontaneous emission rate
increases as injection current goes up. Once the current is beyond threshold, the average grey value
reaches a nearly flat stage, which indicates carrier density, and hence gain, clamping. Notice that
the measured average grey value isn’t clamping perfect as a constant number corresponding the
constant average threshold carrier density. This maybe a resultant of some scattered stimulated
light coming out from the top window when the laser is working above threshold current. Also,
self-heating causes the increase of threshold current, introduced in Chapter 3, and hence the
increase of threshold carrier density, may also lead to this imperfect clamping. Nevertheless, it is
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clear that the majority of light defected from this window is spontaneous emission, and as such,
serves as a good indicator of the gain in the cavity.
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Figure 4.7: Average grey value for the central region with increasing current
The profiles of longitudinal relative grey value of the spontaneous emission for injection
currents 0.7A, 1.3A, and 2.4A were compared with calculated profiles of the square of carrier
density, as shown in Figure 4.8. The measured data was fit with calculated date by adjusting the
axis scale to best fit one another. The square of threshold carrier density without LSHB is also
shown for comparison.
As observed in Figure 4.8, the measured grey value profiles present the characteristic of
non-uniformity. The spontaneous emission rate is smaller near PR facet and higher near HR facet,
which experimentally demonstrates the existence of the LSHB effect in the device. For higher
injection current, this non-uniformity becomes more obvious, and the measured data is more
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consistent with calculated data, which demonstrates the impact of LSHB is greater at high applied
currents for high-power diode lasers. Also, the measured data shows that most of light intensity
we observed from the top window is spontaneous emission. If the dominant light is scattered laser
light, the measured grey value at PR facet would be higher than at HR facet because the photon
density is higher at PR facet. This further confirms that the dominant source of light from the top
window is spontaneous emission. More importantly, the experimental results are in good fit with
the calculated results, which verifies the validity of the calculation model.
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Figure 4.8: (a) Comparison of calculated and experimental results for I = 0.7A
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5.

CONCLUSION

5.1 Summary of Results Obtained
In conclusion, a self-consistent calculation model was built based on modified rate
equations to simulate the LSHB effect in high-power semiconductor lasers. Inhomogeneous
profiles of photon density, carrier density, and gain distribution have been obtained with LSHB.
A calculation model without LSHB was also built for comparison. Based on the comparison, I
have analyzed the magnitude of the impact of LSHB on laser output for different parameters
including injection current, cavity length, and wavelength. The output powers of an example 808
nm semiconductor laser were measured and compared with calculated output powers considering
LSHB and thermal effects. The results were consistent with each other. Another experimental
verification was carried out by the observation of spontaneous emission. The experimental results
were in agreement with calculation results. Thus, the validity of the calculation model and the
existence of LSHB in high-power semiconductor lasers have been experimentally demonstrated.
This work is useful in providing an effective calculation model incorporated LSHB and
thermal effect which can be used to calculate and analyze the physical processes in the high-power
semiconductor lasers. The analysis part of this work presents an intuitionistic description of the
magnitude of the impact of LSHB with the change of other parameters, which contributes to the
further design and fabrication of high-power semiconductor lasers. The experimental work
provides an effective method to observe and verity LSHB experimentally, which can also be used
in other works related to LSHB.
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5.2 Future Work
In this thesis, LSHB is calculated and shown to limit the output power of high-power
semiconductor lasers. Future work should focus on the mitigation of LSHB, in order to enable
power improvement. One possible approach is by design waveguide confinement to mitigate the
inhomogeneous photon density in the cavity. Based on the calculation result mentioned before, the
photon density is higher near PR facet while it is lower near HR facet. By designing a waveguide
structure that expands near PR facet and shrinks near HR facet, the photon density can be modified
to be more homogeneous. One possible waveguide structure is shown in Figure 5.1.

Figure 5.1: One of the waveguide structure that contributes to mitigate LSHB
The calculation model developed in this thesis can also be used in this new calculation by
adding a spatially varying width parameter. Experimental work can also be carried out using the
same method presented in this thesis to observe if the inhomogeneous carrier density is reduced.
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Appendix A: Rate Equation Calculation with Classic Solutions
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Appendix B: Finite Difference Method Solving One-Dimensional Heat Equation
%Finite Difference method solving 1D steady state heat equation
l=1;
detx=0.01;
n=1+l/detx;
q1=25;
qcenter=-100000*(detx)^2/401;
qn=25;

%the lengh of the copper stick is 1m
%the lengh of each segment is 0.01m
%the temperature at one end is 25
%heat source is 1W at the middle point
%the temperature at another end is 25

%solve finite difference heat equation by matrix
M=zeros(n,n);
Q=zeros(n,1);
%populate Q
Q(1)=q1;
Q((n+1)/2)=qcenter;
Q(n)=qn;
%populate M
M(1,1)=1;
M(n,n)=1;
for i=2:n-1
M(i,i+1)=1;
M(i,i)=-2;
M(i,i-1)=1;
End
T=inv(M)*Q;
plot(T);
xlabel('Longitudinal Position');
ylabel('Temperature');
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Appendix C: Matlab Code for 1475 nm Semiconductor Laser Calculation
Main Program:
clc;
close all;
clear all;
%Define global constants
q=1.6*10^-19; %electron charge [C]
c=3*10^8;
%speed of light [m/s]
h=6.626*10^-34;%Plank's constant [J*s]
%Define device constants
d=140;
%quantem well thickness [A.]
L=3800;
%cavity length [um]
W=150;
%emitter width [um]
R1=0.005;
%PR reflection (at z=0)
R2=0.99;
%HR reflection (at z=L)
ni=0.87;
%internal quantum efficiency
Gamma=0.01;
%optical mode parameter
ai=2;
%internal loss [1/cm]
index=3.5;
%effective index of optical mode
g0=1000;
%g=g0*ln(N/Ntr) [1/cm]
Jtr=121;
%transparency current density [A/cm^2]
Ntr=1.*10^18; %transparency carrier density [1/cm^3]
lambda=1475; %wavelength [nm]
Rth=2.2;
%thermal resistance [K/W]
T0=50;
%temperature parameter
T1=150;
%temperature parameter
% voltage = 1240/lambda + J*Sigma + Vs*Ln(J/Jdiode) + Rs*I
Sigma = 7.8*10^-5; %in Ohm*cm^2
Vs = 22*10^-3;
%in V
J_diode = 80;
%in A/cm^2
%Define parameters which can be calculated
vg=c/index*100;
%group velocity [cm/s]
am=1/(2*L*10^-4)*log(1/(R1*R2)); %loss at the mirrors [1/cm]
gth=(ai+am)/Gamma;
%threshold gain [1/cm]
Nth=Ntr*exp(gth/g0);
%threshold carrier density [1/cm^3]
taop=1/((ai+am)*vg);
%photon lifetime [s]
V=d*L*W*10^-16;
%volume [cm^3]
A=Jtr*ni/(q*d*10^-8*Ntr);
%Shockley-Read_Hall coefficient [1/s]
B=0;
%spontaneous recombinition coefficient
C=0;
%Auger coefficient
Ith=(A*Nth+B*Nth^2+C*Nth^3)*q*d*L*W*(10^-16)/ni;%threshold current
I_diode=J_diode*L*W*10^-8;
%Define simulation constants
grid=200;
%number of grid in z direction
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dz=L/grid;
%grid resolution in z direction [um]
I=[2,5,10];
%Injection current [A]
F=10^-8;
%control parameter used in Newton's method
for i=1:length(I)
N=zeros(i,1+grid); %carrier density
G=zeros(i,1+grid); %gain
NptotalLSHB=zeros(i,1+grid); %photon density with LSHB
NppositiveLSHB=zeros(i,1+grid);
NpnegativeLSHB=zeros(i,1+grid);
Nptotal=zeros(i,1+grid);
%photon density without LSHB
Npforward=zeros(i,1+grid);
Npbackward=zeros(i,1+grid);
end
%with LSHB
for i=1:length(I)
if I(i)<=Ith;
for j=1:1+grid
NptotalLSHB(i,j)=0;
syms Nx
eqN = ni*I(i)/(q*V) - A*Nx - B*Nx^2 - C*Nx^3vg*g0*log(Nx/Ntr)*NptotalLSHB(i,j);
N(i,j)=solve(eqN==0,Nx);
G(i,j)=g0*log(N(i,j)/Ntr);
end
end
if I(i)>Ith;
%guess Nppositive at facet R1
NppositiveGuess=((ni*(I(i)-Ith)/q/V)/(vg*gth))*R1/(1+R1);
%solve Np,N,G along z under first guess
[errorLSHB,~,~,~,~]=solveLSHB(NppositiveGuess,I(i));
%Newton's method to reduce error
Count=1;j=1;
Guess=zeros(1,1+grid);Guess(1)=NppositiveGuess;
while errorLSHB>10^-8;
[errorLSHB2]=solveLSHB(Guess(j)+F*Guess(j),I(i));
Guess(j+1)=Guess(j)-errorLSHB*F*Guess(j)/(errorLSHB2-errorLSHB);
[errorLSHB,NppositiveLSHB_temp,NpnegativeLSHB_temp,N_temp,G_temp]=solveLSHB(G
uess(j+1),I(i));
j=j+1;
Count=Count+1;
if Count>20
break
end
end
NppositiveLSHB(i,1:1+grid)=NppositiveLSHB_temp;
NpnegativeLSHB(i,1:1+grid)=NpnegativeLSHB_temp;
NptotalLSHB(i,1:grid+1)=NppositiveLSHB(i,1:1+grid)+NpnegativeLSHB(i,1:1+grid)
;
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N(i,1:grid+1)=N_temp;
G(i,1:grid+1)=G_temp;
end
end
H=0.01;
% without LSHB
for i=1:length(I)
if I(i)>Ith;
%Guess Np+ at facet R1
Nppositive=NptotalLSHB(i,1)*R1/(1+R1);
Npaverage=(ni*(I(i)-Ith)/q/V)/(vg*gth);
%solve Np+ and Np- for constant gain
[error,Total]=solveNp(Nppositive,Npaverage);
%Newton's method to reduce error
Count=1;j=1;Guess=zeros(1,1+grid);Guess(1)=Nppositive;
while error>10^-8
[error2]=solveNp(Guess(j)+H*Guess(j),Npaverage);
Guess(j+i)=Guess(j)-error*H*Guess(j)/(error2-error);
[error,Total,Forward,Backward]=solveNp(Guess(j+1),Npaverage);
j=j+1;
Count=Count+1;
if Count>20
break
end
end
Npforward(i,1:1+grid)=Forward;
Npbackward(i,1:1+grid)=Backward;
Nptotal(i,1:1+grid)=Total;
end
end
%thermal effect initiate variable
i=length(I);
V=zeros(i); %voltage
Pin=zeros(i);%input power
Pout_LSHB=zeros(i); %output power
Pout=zeros(i);
%output power w/o LSHB
PoutLSHB_thermal=zeros(i);
Pout_thermal=zeros(i);
Ithreshold=zeros(i); %threshold current
IthLSHB_thermal=zeros(i);
Ithr=zeros(i);
Ith_thermal=zeros(i);
nd_LSHB=zeros(i); %DQE
nd=zeros(i);
ndLSHB_thermal=zeros(i);
nd_thermal=zeros(i);
WPE=zeros(i); %power efficiency
WPE_LSHB=zeros(i);
WPELSHB_thermal=zeros(i);
WPE_thermal=zeros(i);
for i=1:length(I)
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%calculate voltage
if I(i)<I_diode
V(i)=h*c/(lambda*10^-9)/q+I(i)/(L*W*10^-8)*Sigma;
else
V(i)=h*c/(lambda*10^-9)/q+I(i)/(L*W*10^-8)*Sigma+Vs*log(I(i)/I_diode);
end
Pin(i)=V(i)*I(i); %calculate input power
%calculate LSHB output power
Pout_LSHB(i)=NpnegativeLSHB(i,1)*(d*10^-8)*(W*10^-4)*h*c/(lambda*10^9)*vg*(1-R1)/Gamma + NppositiveLSHB(i,end)*(d*10^-8)*(W*10^4)*h*c/(lambda*10^-9)*vg*(1-R2)/Gamma;
%calculate output power w/o LSHB
Pout(i)=Npbackward(i,1)*(d*10^-8)*(W*10^-4)*h*c/(lambda*10^-9)*vg*(1R1)/Gamma + Npforward(i,end)*(d*10^-8)*(W*10^-4)*h*c/(lambda*10^-9)*vg*(1R2)/Gamma;
WPE_LSHB(i)=Pout_LSHB(i)/Pin(i);%LSHB power efficiency
WPE(i)=Pout(i)/Pin(i);%power efficiency w/o LSHB
%calculate Ithreshold with LSHB
Ithsum=0;
for j=1:1+grid
Ithsum=Ithsum+(A*N(i,j)+B*N(i,j)^2+C*N(i,j)^3)*q*d*L*W*10^-16/ni;
end
Ithaverage=Ithsum/grid;
Ithreshold(i)=Ithaverage;
Ithr(i)=Ith;
%calculate DQE
nd_LSHB(i)=Pout_LSHB(i)/(h*c/(lambda*10^-9)/q*(I(i)-Ithreshold(i)));
nd(i)=Pout(i)/(h*c/(lambda*10^-9)/q*(I(i)-Ith));
deltaT1=Rth*(Pin(i)-Pout_LSHB(i));
deltaT2=Rth*(Pin(i)-Pout(i));
IthLSHB_thermal(i)=Ithreshold(i)*exp(deltaT1/T0);
Ith_thermal(i)=Ith*exp(deltaT2/T0);
ndLSHB_thermal(i)=nd_LSHB(i)*exp(-deltaT1/T1);
nd_thermal(i)=nd(i)*exp(-deltaT2/T1);
PoutLSHB_thermal(i)=ndLSHB_thermal(i)*(h*c/(lambda*10^-9)/q*(I(i)IthLSHB_thermal(i)));
Pout_thermal(i)=nd_thermal(i)*(h*c/(lambda*10^-9)/q*(I(i)-Ith_thermal(i)));
WPELSHB_thermal(i)=PoutLSHB_thermal(i)/Pin(i);
WPE_thermal(i)=Pout_thermal(i)/Pin(i);
End
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Function Program 1:
%Finite Difference Method of solving Np(z)with LSHB
function
[error,NppositiveLSHB,NpnegativeLSHB,N,G]=solveLSHB(Nppositive_at_R1,I)
%Define global constants
q=1.6*10^-19; %electron charge [C]
c=3*10^8;
%speed of light [m/s]
%define parameters
d=140;
%quantem well thickness [A.]
L=3800;
%cavity length [um]
W=150;
%emitter width [um]
R1=0.005;
%PR reflection (at z=0)
R2=0.99;
%HR reflection (at z=L)
ni=0.87;
%internal quantum efficiency
Gamma=0.01;
%optical mode parameter
ai=2;
%internal loss [1/cm]
index=3.5;
%effective index of optical mode
g0=1000;
%g=g0*ln(N/Ntr) [1/cm]
Ntr=1.1*10^18;%transparency carrier density [1/cm^3]
Jtr=121;
%transparency current density [A/cm^2]
%Define parameters which can be calculated
vg=c/index*100;
%group velocity [cm/s]
V=d*L*W*10^-16;
%volume [cm^3]
A=Jtr*ni/(q*d*10^-8*Ntr);
%Shockley-Read_Hall coefficient [1/s]
B=0;
%spontaneous recombinition coefficient
C=0;
%Define simulation constants
grid=200;
%number of grid in z direction
dz=L/grid;
%grid resolution in z direction [um]
%setup vectors
n=1+grid;
NppositiveLSHB=zeros(1,n);
NpnegativeLSHB=zeros(1,n);
NptotalLSHB=zeros(1,n);
N=zeros(1,n);
G=zeros(1,n);
%Np positive at the facet R1
NppositiveLSHB(1)=Nppositive_at_R1;
%Np negative at the facet R1
NpnegativeLSHB(1)=NppositiveLSHB(1)/R1;
%Np total at the facet R1
NptotalLSHB(1)=NppositiveLSHB(1)+NpnegativeLSHB(1);
%solve for carrier density at the facet R1
syms Nx
eqN = ni*I/V/q-A*Nx-B*Nx^2-C*Nx^3-vg*g0*log(Nx/Ntr)*NptotalLSHB(1);
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N(1)=solve(eqN,Nx);
%solve for gain at the facet R1
G(1)=g0*log(N(1)/Ntr);
%solve Np,N,G along z
for j=2:n
NppositiveLSHB(j)=NppositiveLSHB(j-1)*(1+(dz*10^-4)*(Gamma*G(j-1)ai));
NpnegativeLSHB(j)=NpnegativeLSHB(j-1)*(1-(dz*10^-4)*(Gamma*G(j-1)ai));
NptotalLSHB(j)=NppositiveLSHB(j)+NpnegativeLSHB(j);
eqN = @(Nx)ni*I/V/q-A*Nx-B*Nx^2-C*Nx^3vg*g0*log(Nx/Ntr)*NptotalLSHB(j);
N(j)=fzero(eqN,N(j-1));
G(j)=g0*log(N(j)/Ntr);
end
ResidualLSHB=abs(NppositiveLSHB(n)*R2-NpnegativeLSHB(n));
error=ResidualLSHB/NpnegativeLSHB(n);
end

Function Program 2:
function [error,Total,Npforward,Npbackward]=solveNp(Nppositive,Npaverage)
L=3800;
grid=200;
dz=L/grid;
R1=0.005;
R2=0.99;
Gamma=0.01;
ai=2;
am=1/(2*L*10^-4)*log(1/(R1*R2));
gth=(ai+am)/Gamma;
n=1+grid;
Npforward=zeros(1,n);
Npbackward=zeros(1,n);
%Np positive at the facet R1
Npforward(1)=Nppositive;
%Np negative at the facet R1
Npbackward(1)=Npforward(1)/R1;
for j=2:n
Npforward(j)=Npforward(j-1)*(1+(dz*10^-4)*(Gamma*gth-ai));
Npbackward(j)=Npbackward(j-1)*(1-(dz*10^-4)*(Gamma*gth-ai));
end
Total=Npforward+Npbackward;
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%Calculate the residual error
Npsum=0;
for j=1:n
Npsum=Npsum+Total(j);
end
Residual=abs(Npsum/grid-Npaverage);
error=Residual/Npaverage;
end

